In this study, we illustrate the fractal nature of the wake shed by a periodically flapping filament.
The flapping of flexible bodies induced by surrounding fluid flow is a classical nonlinear dynamics problem in fluid-structure interactions and ubiquitous in nature. Examples of these interactions can be seen around us on a daily basis: flags flapping in the wind, bio-locomotion in fluids such as fish swimming or sperm making their way through embryonic fluid. These phenomena involve either active or passive flexible bodies interacting through their vortex wake as a natural mechanism to efficiently deal with the challenges of fluidic environments such as drag reduction [1] .
The motivation behind this study is to gain further insight into the nonlinear wake pattern formed through complex vortex interactions due to the flapping of a thin slender object induced by a fluid flow. To have an accurate portrayal of this pattern formation, we study the phenomenon from a two-dimensional perspective and this will negate the effect of a threedimensional flow such as in the case of a flag flapping in the wind. To this end, the use of flowing soap film is considered. It provides a simple setup of flow visualization and has long been used as a canonical experimental model to understand biological swimming and flag-inwind problems [1, 2] . The dynamic nature of instability (amplitude and frequency of oscillations) and its effects on drag reduction as well as the coupled states of two flapping filaments had been studied both numerically [3] [4] [5] [6] , and experimentally in a flowing soap film-tunnel. Focus is mainly on the flag dynamics and relatively less on the vortex wake. When objects encounter a flow some form of wake motion may ensue and the complex vortex wake structure from a flapping filament has often been qualitatively described as a von Kármán vortex street (a street of coherent strong vortices) and other fine-scale structures caused by Kelvin-Helmoholtz instability of a thin vortex layer being shed from the trailing end of the flexible filament. The pattern appears to be quite geometrically complex and the extent of geometric complexity is a related important issue in determining the nature of the flapping characteristics, such as the object's flapping modes and frequencies, as well as the effect of drag reduction [1] .
Building on the previous studies, here we further elucidate the observed pattern through a different approach using fractal theory. In this work, we carry out quantitative measures of the wake structure geometry complexity by analyzing the soap film images. The wake geometry is characterized by examining the fractal dimension. Applications of fractal theory in fluid dynamics and turbulence statistics are widely studied [7] [8] [9] . The fractal dimension can be thought to provide a geometrical characterization of the degree of complexity, and hence, instability of wake structure in fluid motions.
Experimental Setup
Following the detailed descriptions in [2] , the experimental setup consists of a two-dimensional soap film wind tunnel, having a test section of 1 m by 10 cm and capable of producing flows between 3.20 m/s to 6.50 m/s. The flow velocity is determined by measuring the position of a color dye with time. A schematic of the experimental setup is given in Fig. 1 . Once the filament is placed in the soap film and oscillation ensues, we make use the optical properties of the soap film under the light source with a low pressure sodium lamp (590 nm) to track the wake structure behind the motion and capture it using a high-speed pco.1200hs camera recording at a frame rate of 800 fps. The use of the present lighting system clearly highlights the interference patterns of the soap film and illustrates how the wakes evolve in the flow. In order to gain the basic information into the fractal nature of the wake one can first map the contours from the appropriate photographs, then invoke a box counting algorithm in order to estimate for the fractal dimension. The image processing and box-counting analysis are performed using ImageJ software [10] . Fig. 3 illustrates a sequence of steps in image processing procedure for one image to identify the scalar level-set interface and to determine its fractal dimension using the box-counting method. In detail, the images that resulted from the soap-film experiments first were converted into binary images. For consistency, the conversion of the images was performed using a built-in automatic thresholding criterion in ImageJ based an averaging process [10] . The contour of the interface, which evolves in the wake subsequently was extracted using a built-in Sobel edge detection algorithm [10] . The fractal dimension of the developed wake contour was evaluated using the box-counting method. As a standard and efficient method in fractal analysis, the box-counting technique for fractal dimension measurement consists on applying grids or boxes, with several grids of decreasing size, to an image and counting the number of boxes required to cover an image (in our case the interface contour). For each grid size, the pixels contained in the boxes correspond to parts or details of contours features. The box-counting fractal dimension is defined as: 
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In this study, we illustrate the wake flow structure behind the oscillatory motion of a thin flexible object as it encounters a two-dimensional fluid flow. The wake fractal geometry is quantified using the standard box-counting method and it is shown that the fractal dimension of the soap pattern boundaries in the wake is D ~ Fraction dimension of the wake structure estimated using the box-counting method. 
